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ABSTRACT
Cometary dust provides a unique window on dust growth mechanisms during the onset
of planet formation. Measurements by the Rosetta spacecraft show that the dust in
the coma of comet 67P/Churyumov-Gerasimenko has a granular structure at size
scales from sub-µm up to several hundreds of µm, indicating hierarchical growth took
place across these size scales. However, these dust particles may have been modified
during their collection by the spacecraft instruments. Here we present the results of
laboratory experiments that simulate the impact of dust on the collection surfaces
of COSIMA and MIDAS, instruments onboard the Rosetta spacecraft. We map the
size and structure of the footprints left by the dust particles as a function of their
initial size (up to several hundred µm) and velocity (up to 6 m s−1). We find that in
most collisions, only part of the dust particle is left on the target; velocity is the main
driver of the appearance of these deposits. A boundary between sticking/bouncing and
fragmentation as an outcome of the particle-target collision is found at v∼ 2 m s−1. For
velocities below this value, particles either stick and leave a single deposit on the target
plate, or bounce, leaving a shallow footprint of monomers. At velocities > 2 m s−1and
sizes > 80 µm, particles fragment upon collision, transferring up to 50 per cent of their
mass in a rubble-pile-like deposit on the target plate. The amount of mass transferred
increases with the impact velocity. The morphologies of the deposits are qualitatively
similar to those found by the COSIMA instrument.
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1 INTRODUCTION
Comets are thought to be the most pristine bodies in the
solar system surviving to this day. They are the remnants of
the early stage of planet formation, during which planetes-
imals were formed. Being kilometre-sized bodies, they have
overcome several growth barriers in a way that is as yet
not fully understood by dust coagulation models (Dominik
et al. 2007; Johansen et al. 2014). Therefore, studying the
structure of the dust emitted from the surface of a comet
is key to understanding these growth mechanisms. In par-
ticular, a key question is whether the cometary dust has a
fractal structure, or is compact. A fractal structure would
imply that cometary dust is a pristine remnant of hierarchi-
cal growth processes. A compact structure would indicate
the dust has since its formation been modified by collisions
or thermal processes.
The Rosetta mission to the comet 67P/Churyumov-
Gerasimenko (hereafter 67P) has two instruments on board
that are able to image individual dust particles smaller
than 1 mm: the Cometary Secondary Ion Mass Anaylzer
(COSIMA, Kissel et al. 2007) and the Micro-Imaging Dust
Analysis System (MIDAS, Riedler et al. 2007). These instru-
ments sample a complementary part of the parameter space.
The optical microscopic imager COSISCOPE, part of the
COSIMA instrument, has a spatial resolution of 14 µm (en-
hanced to 10 µm using sub-pixel sampling, Langevin et al.
2016). The MIDAS instrument is an atomic force microscope
able to detect much smaller spatial scales (down to 4 nm in
optimal configuration). MIDAS is limited in its ability to
measure particles with heights greater than ∼ 10 µm above
the target plate.
So far, the analysis of six particles detected by the MI-
DAS instrument have been published (Bentley et al. 2016;
Mannel et al. 2016). These particles have sizes in the range
1 µm up to a few tens of µm (limited by the scan size, prob-
ably extending beyond that). The particles are aggregates
of smaller grains with typical sizes between 0.5 and 3 µm.
However, scans with the highest resolution analysed so far
(80 nm) have revealed structures with ever smaller grain size
down to 0.2 µm. Thus, it cannot be excluded that smaller
substructures exist even below this size scale (Bentley et al.,
in prep.).
The six MIDAS particles show a hierarchical structure,
with either compact or more porous packing of the grains.
Mannel et al. (2016) present a fractal analysis of 2 different
examples of these: a compact type (which, if it is fractal,
would have a derived fractal dimension between 2 and 3),
and a more porous type (with fractal dimension close to
1.7). These results suggests that the latter type of particle
has formed through hierarchical growth of smaller grains,
and has retained this property.
The morphology of larger particles, as detected by
COSIMA, can similarly be divided into two categories (Mer-
ouane et al. 2016). One category is referred to as ‘compact’:
single particles up to a few hundred µm that appaear to not
have fragmented or flattened on the target surface. A sec-
ond category of particles are porous aggregates, which are
divided into subtypes referred to as ‘rubble piles’, ‘shattered
clusters’ and ‘glued clusters’ by Langevin et al. (2016). All
of these subtypes are clusters of particles considered as part
of a single collection event. Fragmentation of dust particles
might also happen at an earlier stage, upon entry in the
funnel. The latter is suggested by the detection of ‘show-
ers’ of particles: smaller particles confined to a small area
of the instrument target, which were collected within a few
days (the detector time resolution). These may be the result
of a single breakup event of a larger, compact parent, that
hit the funnel wall(s) upon entry. A key question is there-
fore whether the porous aggregates comprise an intrinsically
separate dust population, or were in fact originally compact
particles that fragmented upon impacting on the target at
high velocity.
A third instrument which studies the coma dust popula-
tion of 67P is the Grain Impact Analyser and Dust Accumu-
lator (GIADA, Colangeli et al. 2007), which is not equipped
with an imager, but measures the momentum and cross-
section of dust particles. This instrument thus provides con-
straints on the dust flux, velocity and density. Based on the
dust collection by GIADA, Della Corte et al. (2015) report
the existence of two types of dust particles in the coma of
67P. On one hand there are detections of ‘compact’ parti-
cles about 80-800 µm. These particles enter the instrument
at velocities typically in the range 0.5 – 15 m s−1, with a few
detections up to 35 m s−1 when the comet was near perihe-
lion (Della Corte et al. 2016). On the other hand, collections
of intermittent showers of smaller particles are hypothesized
to be the fragments of a low-density, fluffy component (Fulle
et al. 2015).
Discussion is ongoing about the association between the
‘compact’ and ‘fluffy / porous’ dust families detected by GI-
ADA, COSIMA and MIDAS (Della Corte et al. 2015; Fulle
et al. 2015; Merouane et al. 2016; Mannel et al. 2016). How-
ever, no conclusive statement on this can be made, as these
instruments measure different parameters of dust particles
in different ranges via different collection methods. In re-
ality, what is studied is the product of an interaction be-
tween the dust particles and the spacecraft or instrument.
For instance, GIADA detects fluffy aggregates in showers,
suggesting breakup of these particles shortly before enter-
ing the instrument (Fulle et al. 2015). Similarly, COSIMA
seems to detect bursts, where within one day, one part of
the cm-sized target is littered by many particles; this is best
explained by the particles being in fact fragments of a larger
particle that has broken up entering the instrument funnel.
As noted by Merouane et al. (2016), the COSIMA and GI-
ADA ‘showers’ are not coincident, suggesting they are both
the result of particle fragmentation close to or within the
instrument. For the MIDAS instrument, which also has a
funnel entry, similar fragmentation is likely also happening
although it is harder to confirm due to the limited spatial
coverage used.
This suggests a difference between the pre- and post-
impact properties of the dust particles. A tool is therefore
needed to simulate the entry of dust into the Rosetta in-
struments, and to study their impact products on the de-
tector surfaces. By conducting experiments on targets used
by both COSIMA and MIDAS, a direct comparison with
Rosetta dust measurements is possible. Ultimately, the goal
is to retrieve a full picture of the properties of the differ-
ent dust populations of the coma of 67P, as detected by the
instruments onboard the Rosetta spacecraft.
In this paper, we present the results of an initial series of
experiments that allow an interpretation of the results mea-
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3Figure 1. Images of an aggregate consisting of irregular poly-
disperse SiO2. Top, from left to right: optical microscope image
(pixel size: 0.67 µm); 3D laser scanning confocal microscope im-
age (pixel size: 0.14 µm); detail of middle panel. Bottom: Scanning
Electron Microscope image (dimensions: 4× 2 µm) of a different
aggregate of the same material.
sured by the instruments onboard the Rosetta spacecraft.
We provide a tool to link this multi-instrument data to the
properties of the dust entering the spacecraft, by using an
experimental setup in which dust aggregates collide on tar-
get surfaces. We use synthetic dust aggregates whose size,
velocity and bulk density are comparable to the cometary
dust aggregates measured by Rosetta. The collisions of the
dust particles are monitored by a high-speed camera, and
afterwards their morphologies are studied in detail by pro-
ducing high-resolution images that can be compared with
the Rosetta results. These ‘pre-impact’ and ‘post-impact’
analyses are compared to produce a link between what is
seen by the Rosetta instruments, and the initial properties
of the incoming dust.
In Sect. 2, a description of the test material, the ex-
perimental setup and the data analysis process are given.
In Sect. 3, the results of our experiments are presented and
compared with Rosetta data. In Sect. 4, we discuss the im-
plications of our work with respect to the Rosetta results
and look forward to further applications. In Sect. 5, we sum-
marise our work and main results.
2 METHODS
In this section, we give a detailed description of our experi-
ment. We describe the test material and compare its proper-
ties to cometary dust in Sect. 2.1; we present the experimen-
tal setup in Sect. 2.2 and explain the data analysis process
in Sect. 2.3.
2.1 Test material and parameter range
For the series of experiments presented in this paper, we used
a single type of synthetic dust aggregates. In this section we
present the properties of these aggregates. Their degree of
similarity with cometary dust is discussed in Sect. 4.2.
We used irregular-shaped, polydisperse SiO2 with ma-
terial density of ρm = 2.6× 103 kg m−3(see Fig. 1). The size
range of the monomers is 0.1 – 10 µm, with the central 80
per cent of the mass in particles with sizes between 0.8 and
6 µm. The material was obtained from manufacturer Sigma-
Aldrich; for a more detailed description see Blum et al.
(2006); Weidling et al. (2012); Kothe et al. (2013). As ag-
gregates naturally are formed in the storage containers, we
sieved the test material to obtain a particle diameter range
of 100-400 µm. Since some aggregates fragmented on launch,
particles < 100 µm were also included into the study.
The volume filling factor of the test material, after siev-
ing, is φ = 0.35± 0.05 (Weidling et al. 2012), resulting in a
bulk density of ρb ≡ ρmφ= (0.9±0.1)×103 kg m−3. Experimen-
tal studies (Blum & Schra¨pler 2004; Blum et al. 2006; Meis-
ner et al. 2012; Lorek et al. 2016) show that the compressive
strength of the material is a strong function of φ, increasing
from 104 Pa up to 106 Pa in the range 0.3 < φ < 0.4. Within
the same range, the tensile strength is of order 103 Pa, only
slightly increasing as a function on φ, while at higher values
(φ > 0.6) the tensile strength may increase more steeply. The
albedo of the material is close to 1, which affects the imaging
of substructure with an optical microscope and grazing-angle
illumination.
2.2 Experimental setup
The setup of the experiment is shown in Figs. 2 (photos) and
3 (schematic drawing). The heart of the experiment is a vac-
uum chamber of ∼ 30 cm in diameter. The vacuum chamber
has two horizontal extensions, inside which a moveable dust
cartridge is placed along a gear rack rail. The cartridge con-
tains 20 holes of a few mm in diameter, in which a dust sam-
ple may be placed. Typically, a collection of ∼ 20 particles
was loaded into each hole. Below the hole is a piston, which
launches the dust sample upwards when a current pulse is
applied to a lifting magnet. The voltage of the magnet, car-
tridge position and launching are all controlled external to
the vacuum chamber, so that multiple ‘shots’ may be fired
without having to pressurise the chamber in between.
Upon loading the piston, a target plate is attached to an
extension on the bottom of the lid, which places the target
8 cm directly above the lifting magnet and cartridge. Within
the chamber a pressure of ∼ 0.03 mbar is generated by a
vacuum pump, in order to minimize the influence of the
gas on the collisional outcome. The impact velocity of the
dust particle is controlled by tuning the voltage of the lifting
magnet, and measured afterwards on the camera images.
The velocity is not seen to change significantly due to air
drag or gravity over the particle’s trajectory, as shown in
Sect. 2.3.1.
The particles are accelerated mechanically over a trajec-
tory of ∆x ∼ 0.5 cm up to a velocity v, after which the piston
stops and the dust leaves the piston in the upward direction.
To estimate whether the mechanical pressure is enough to
break apart the particle during its launch, we compare the
MNRAS 000, 1–14 (2016)
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Figure 2. Left: Photo of the experimental setup: (1) Lid of vacuum chamber (2) High-velocity camera (3) Extensions containing dust
cartridge (4) LED-array (5) Valve for pressurising the vacuum chamber (6) Pressure sensor (7) Window (8, 9, 10) Control panel for
cartridge displacement (11) Pressure monitor (12, 13) Voltage meter for LED-array and lifting magnet (14) Release button for lifting
magnet. Right: Inside of the vacuum chamber (top view - in this image, dust particles launched would approach the observer): (15)
Motor that controls displacement of dust cartridge (16) Container of dust cartridge (17) Opening through which dust particle is shot
(18) Cover to achieve diffuse back-illumination by LED-array.
camera
‘dust gun’
cartridge with 
dust samples
target
vacuum chamber
Figure 3. Schematic drawing of the inside of the vacuum cham-
ber (side view).
average pressure during acceleration to the tensile strength
of a particle. For simplicity, we assume linear acceleration
of a cubical particle with width d and bulk density ρb. The
average pressure exerted on the contact surface A is then
〈P〉 = 1 Pa× d
100 µm
ρb
103 kg m−3
(
∆x
0.5 cm
)−1 ( v
1 m s−2
)2
(1)
At v ∼ 10 m s−1, this value approaches the tensile strength
of the polydisperse, irregular SiO2 used in our experiments
(see Sec. 2.1). This is consistent with observations of parti-
cles breaking up upon launch at the high end of the veloc-
ity range (v ∼ 5− 6 m s−1). Their individual fragments are
treated as separate particles in our analysis. The aggregates
are not expected to compress due to the acceleration (Blum
et al. 2006; Gu¨ttler et al. 2009).
A high-speed video camera was used to record the dust
impact on the target. Silhouettes of the dust particles were
observed through the chamber window against a surface
backlit by a LED array. Exposures of 0.05 ms were taken
at a rate of 5000 frames per second. The focal depth was
approximately 0.5 cm, and the camera was focused on the
middle of the target plate. The spatial resolution of the im-
ages is 18.7 µm per pixel. The camera was inclined at ab
angle of ∼ 5◦, to be able to monitor both the trajectory of
the dust particles, record the impact and identify the lo-
cation of the deposit left by the particle on the target, as
described in the next section.
At the end of its trajectory, the particle hits the in-
strument target at an angle of incidence of typically < 5◦
off-normal. The part that sticks to the target plate, includ-
ing scattered loose components that clearly originate from
the same particle, is referred to as a ‘deposit’. The anal-
ysis of these deposits is described in the next subsection.
For the experiments presented in this paper we used the
0.5 mm thick and 1×1 cm wide silver plates without coat-
ing, which are also used in the COSIMA instrument (‘sil-
ver blank’, Langevin et al. 2016). Tests were also conducted
with ‘black gold’ (COSIMA) and solgel (MIDAS) targets,
with similar results that justify the usage of silver plates
(see Sect. 4.3 and Hornung et al. 2014).
2.3 Data analysis
This section describes the data analysis phase. The analysis
consists of two parts: ‘pre-impact’ (retrieval of dust particle
size and velocity) and ‘post-impact’ (retrieval of deposit size
and morphology). A consistent method was used to match
the particles identified in the video to the deposits on the
target.
2.3.1 Pre-impact analysis
Videos of 9 shots on 7 different targets were analysed. As
multiple aggregates were loaded upon each piston, and (at
high velocities) some fragmented upon launch, after a single
shot typically 40-50 particles in the sizes up to 400 µm are
visible on the video images (see Fig. 4a). In total, we identi-
fied and analyzed 110 unique particles on these videos (see
Tab. 1).
Two parameters are derived from the videos: particle
MNRAS 000, 1–14 (2016)
55 mm
5.4  ms 16.0 ms 20.4 ms
23.6 ms 26.6 ms 38.2 ms
‘dust gun’
target(a)
(b)
impactor  
before collision
(c)
Figure 4. Pre-impact analysis. (a) Stills from a sample video; time since launch indicated in top left corner (b) Still of a video, with
lines indicating multiple traced particles, whose size and velocity were determined. The brightness scale has been inverted for better
visibility. (c) Stack image of 40 frames (8 ms) of the collision of a particle (dpre ∼ 360±20 µm, v=2.6±0.6m s−1) that approaches the target
from below and fragments upon impact. Note that the images in these three panels are from different experiments.
Table 1. Summary of pre-impact analysis. For targets S2 and S5,
two shots were fired and analysed.
Target #paricles Size range (µm) Velocity range (m s−1)
S1 11 35−340 0.4−1.5
S2 44 (22 + 22) 35−340 0.4−1.7
S3 6 130−410 2.6−3.4
S4 8 35−130 0.3−3.8
S5 17 (7 + 10) 35−360 2.1−3.9
S6 1 370 4.9
S7 23 30−220 4.3−6.0
Total 110 30−410 0.3−6.0
impact velocity and particle size (see 1). To retrieve impact
velocity v, the individual particles that impact on the plate
were tracked (see Fig. 4b). The particles were identified on
the last 15 to 20 frames before impact. Over this trajectory
(∼ 1 cm), the velocity decrease due to gravity and air pres-
sure is seen to be on the order of 0.1 m s−1(1− 10 per cent
of the absolute velocity). Thus, the average velocity over
the last 15 to 20 frames yield a satisfactory estimate of the
impact velocity.
If a particle fragments upon impact, the fragments are
seen to scatter on approximately straight trajectories for
the next few microseconds, see Fig. 4c. This indicates that
during impact, the collision dynamics are not significantly
altered by gravity. Furthermore, once part of the particle
sticks to the target, this deposit retains its morphology de-
spite it facing downwards. This shows that the contact force
between particle and target far exceeds gravity. These effects
demonstrate that, for the purpose of studying the collision
dynamics and sticking of dust aggregates, our experimental
setup gives a good approximation of the circumstances in
space.
The size of the dust particles was measured by drawing
an ellipse around the silhouette of the particle on the image
(Fig. 5). While the morphology of the particles was irregu-
lar, the shapes approximated spherical reasonably well. We
measure the ellipse that encompasses the particle on ∼ 5 dif-
MNRAS 000, 1–14 (2016)
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Pre-impact Post-impact
particle size (raw)
particle size,
corrected (dpre)
crossing distance
central deposit size (dpost)
scatter field size (dpost, sc)
shadow length
v = 5.2 m/s
v = 1.3 m/s
Pre-impact Post-impact
Figure 5. Size measurements made pre-impact (left) and post-
impact (right) on a fast-moving (top) and slow-moving (bottom)
particle. Due to their movement, the particles are smeared out in
the vertical direction; this is corrected by the method described
in Sect. 2.3.1. The scale bar length in each image is 100 µm. The
brightness scale of the images on the left has been inverted for
better visibility. The shadow of the deposits on the images on the
right was measured on a separate image with a modified bright-
ness scale, similar to the method described in Langevin et al.
(2016).
ferent frames preceding impact. At high velocities, the im-
ages are significantly blurred in the vertical direction. For
example, at v = 5 m s−1, within the 0.05 ms exposure time
the crossing distance of a particle is ∼ 140 µm. We correct for
the blurring subtracting this amount from the size measure-
ment in the vertical direction. We summarise the pre-impact
size of the particles in the parameter dpre, being the average
of these ellipse axes. Taking the image spatial resolution and
the uncertainties introduced by lighting and focal depth into
account, we adopt an error of 20 µm for dpre. The relative
measurement error in dpre is thus close to unity for particles
smaller than 50 µm, ∼ 20 per cent for 100 µm-particles, and
< 15 per cent for particles larger than 150 µm.
An estimate of the pre-impact mass, mpre, of the par-
ticle is obtained by approximating it as a sphere with di-
ameter dpre.The smallest particle size we are able to inves-
tigate is ∼ 30 µm, which is limited by the video resolution.
For very small particles (dpre . 50 µm) that have velocities
>4 m s−1and are thus significantly blurred, the value of mpre
should be considered an upper limit.
2.3.2 Post-impact analysis and matching
Immediately after a successful experiment, the chamber
was slowly pressurised and the target imaged in an opti-
cal microscope with a 5x magnifying lens at a resolution of
0.61 µm per pixel. An example of a post-impact target is
given in Fig. 6. On these mosaic images, multiple deposits
were identified and labelled. A LED light was placed at a dis-
tance of 9 cm at an angle of 16◦; measuring the shadow cast
by the dust particles allowed for an estimate of the height
of the particle to be made. The pre-impact and post-impact
dust particles were matched by rectifying and overlaying the
final frame of the video image over the post-impact target
image. Only particles that have a clear match with a measur-
able counterpart in both video and microscope images were
included into this analysis. This does not introduce a selec-
tion effect, as non-detection is random and does not result
in the exclusion of particles. No cases were observed where
a clearly visible collision did not lead to a deposit.
Three different post-impact dimensions were measured
on the microscope images (see Fig. 5, right). An ellipse was
drawn manually containing the largest central fragment of
the deposit (i.e. the central part covering the target, or in
the case of shallow footprints, where the particle density is
highest). The average of the major and minor axes of this
ellipse is defined as the deposit diameter (dpost). A second,
wider, ellipse was drawn around the deposit containing all
scattered fragments disconnected from the central fragment
but clearly related to the same collision event. The average of
the major and minor axes of this ellipse is defined as the di-
ameter of the scatter field (dpost,sc). Finally, the length of the
shadow cast by the central deposit was measured and depro-
jected to produce the maximum deposit height (hpost). The
shadow length was measured from the location of the high-
est point of the central fragment, which was in most cases
easily identifiable from the microscope images by modify-
ing the brightness scale. The post-impact dimensions dpost,
dpost,sc and hpost are measured with an uncertainty of ∼ 10 per
cent for small particles (∼ 50 µm) decreasing to a few percent
for large particles (> 150 µm).
These dimensions result in an estimate of the deposit
mass:
mpost =
pi
4
ρbd2posthpost (2)
where  is the volume filling factor of the cylinder encom-
passing the central fragment. By simple geometry, we adopt
 = 0.33 for a pyramid-shaped,  = 0.67 for hemispherical-
shaped, and  = 1 for a flat, shallow central fragment. We
neglect the contribution by scattered fragments outside of
dpost, and assumed that no compression of the material oc-
curs (which would enhance the equivalent density). Both of
these effects contribute to mpost being an underestimate of
the true deposit mass.
The pre-impact and post-impact dimension measure-
ments yield a rough estimate of the mass transfer fraction,
defined as
TF =
mpost
mpre
. (3)
As described above, mpost is systematically underestimated
and mpre is systematically overestimated (see Sect. 2.3.1),
especially for very small particles (dpre . 50 µm). For these
particles the derived value for TF should be considered as
a lower limit (also see Sect.3.2). For larger particles, propa-
gation of the uncertainties in the measured properties leads
to an error in the value of TF from 70 per cent for 70 µm-
sized particles down to 15 per cent for 400 µm-sized parti-
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Figure 6. Left: Microscope image of a target (S7, v = 4.3− 6.0 m s−1) post-impact. The gridlines indicate the images from which the
mosaic was compiled. Right: The last frame of the corresponding experiment video (top right) stretched and overlaid on the microscope
image. Lines are drawn to illustrate the match between particles and their deposits. Only particles with a clear counterpart in the
microscope image were matched and considered in the analysis.
Single
Shallow footprint
Pyramid
Figure 7. Deposit characteristics. Left: Representative examples of the deposit morphology classes; the symbols indicated are the ones
used in the diagrams in this and other figures. The scale bars are 100 µm long. Middle: Scatterfield diameter related to the deposit
diameter; error bars are smaller than symbol sizes. Right: Height-to-base ratio of the central fragment of the deposit. Symbols are plotted
without error bars to improve readability; see Sect. 2.3 for a discussion on the uncertainties.
cles. Hence, values of TF for small particles should only be
considered as indicative.
Aside from these quantitative measurements, we also
classified the qualitative morphology of the deposits. These
classes are described in the next section.
3 RESULTS
We present the results from experiments carried out on 7
targets, two of which were fired on twice (see Tab. 1). The
experiments span a velocity range of 0.3 – 6 m s−1, which
overlaps with the range measured on particles from 67P
that entered the GIADA instrument (Fulle et al. 2016; Della
Corte et al. 2016). A total of 110 dust particles in the size
range 30-410 µm could be traced on the video images and
their deposits subsequently identified on the target.
In Sect. 3.1, we present the results of the post-impact
analysis, introducing a categorization of the morphology of
deposits. In Sect. 3.2 we relate these post-impact results
to the pre-impact properties of the dust particles (size and
velocity). In Sect. 3.3, we present some typical collision types
that we see leading to these morphologies.
MNRAS 000, 1–14 (2016)
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3.1 Morphologies of deposits
A variety of deposit morphologies was observed, with a range
in scatter field diameter and height-to-base-ratio (Fig. 7).
Fig. 7 (right) displays representative examples of three dif-
ferent morphological types that were observed. We defined
a criterion to classify the deposits into three groups: ‘sin-
gle’, ‘shallow footprint’ and ‘pyramid’. These are defined as
follows:
- Single - Deposits with a clearly defined central compo-
nent with few or no scattered fragments (dpost,sc/dpost . 2).
Most single deposits found are small particles (d . 80 µm),
with a broad range in height-to-base ratio (h/dpost ∼ 0.1−0.9,
more than 30 per cent exceeding 0.5). As we will show in
Sect. 3.3, many single particles are the result of sticking of
the entire aggregate upon impact with little or no fragmen-
tation.
- Shallow footprint - A collection of monomers with no
dominant central fragment (dpost,sc & dpost). For these de-
posits the ‘central fragment’ is defined by eye as the central
area where the monomers are most tightly packed. The scat-
tering field is on average about twice the size of the central
fragment. The height-to-base ratio is low (< 0.2 for most par-
ticles). Shallow footprints are the result of bouncing upon
impact (see Sect. 3.3).
- Pyramid - A clearly defined central fragment with scat-
tered fragments around it (dpost,sc > dpost). The central frag-
ment is generally pyramid-shaped, but in some cases has a
flat or cratered upper part. The diameter of the scattering
field is on average about twice the central deposit diameter.
The central fragment is typically three times as wide as it is
high. Pyramids are the result of fragmentation upon impact
(see Sect. 3.3).
Note that these morphology classes are similar, but not iden-
tical, to those defined in Langevin et al. (2016) and Hornung
et al. (2016). We base our definition looking only at the re-
sults of our experiment; we do not assume a priori that
the deposit morphologies are the same as those detected by
COSIMA.
3.2 Relation of morphologies with particle size
and velocity
The experimental results are summarised in Fig. 8. The top
panel of this figure displays the parameter space in pre-
impact particle size and velocity, with mass transfer func-
tion TF and morphology coded with colours and symbols.
The middle panel is a schematic summary of the same dia-
gram, with red sections indicating the collision types seen.
The bottom panel shows microscopic images of representa-
tive examples of these types of deposits.
A key insight provided by these results is that in most
cases, and throughout the measured velocity range, only
part of the particle sticks to the target. Only a few cases
are seen with a value of TF that exceeds 0.6. Small parti-
cles (dpre < 80 µm) stick and leave ‘single’ morphologies. For
some of these deposits (represented with grey symbols in
Fig. 8), no meaningful value of TF could be derived because
of the limited resolution of the video images and the error
introduced by the deconvolution method (as discussed in
Sect. 2.3.2). For most ‘single’ deposits, the absence of scat-
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Figure 8. Top: Morphologies and mass transfer function for par-
ticles used in the experiment, depending on particle size and ve-
locity. Symbols are plotted without error bars to improve read-
ability; see Sect. 2.3 for a discussion on the uncertainties. For
particles represented by grey symbols, no meaningful value of TF
could be derived (see text). Middle: Summary of top panel, with
sections indicating the type of collisions observed. Bottom: Ex-
amples of some morphologies on same grid in (dpre,v)-space.MNRAS 000, 1–14 (2016)
9tered fragments suggests that TF is actually close to 1 (i.e.
the particle stuck entirely).
For larger particles (80 < dpre < 410 µm), two different
cases are observed, depending on the impact velocity. At low
velocities (v < 2 m s−1) the majority of these particles leave
deposits with a ‘shallow footprint’ morphology (TF < 0.2);
around ten per cent leave a ‘single’ morphology. At velocities
above 2 m s−1, a ‘pyramid’-shaped deposit is left on the
target (0.2 < TF < 0.5).
In Fig. 9, some quantitative characteristics of the de-
posits are plotted as a function of impact velocity. It is
shown that for pyramid-shaped deposits, TF and the degree
of ‘spraying’ (i.e. dpost,sc/dpre) increase with v, regardless of
particle size. Also, the fraction of the scatter field covered
with particles increases with higher velocity, as larger frag-
ments are scattered from the central deposit.
We observe a difference in deposit height-to-base ratio
(h/dpost) between slow and fast particles. At low velocities
(v < 2 m s−1), small particles that leave single morphologies
have a wide range in height-to-base ratio, (0.1< h/dpost < 0.9).
Slow particles larger than ∼ 80 µm leave shallow footprints
with a height-to-base ratio lower than 0.2. For deposits of
fast particles (v > 2 m s−1), the values of the height-to-
base ratio are seen to converge towards values in the range
0.2 < h/dpost < 0.5. Above v = 5.0 m s−1, no ‘outliers’ are seen
outside this range. This shows that even at high velocities,
a particle is not compressed completely flat onto the sur-
face. The lack of height-to-base ratios exceeding 0.5 for sin-
gle deposits produced at high velocities is a consequence of
the central component being damaged during the collisions,
rather than flattening and/or compression; also see next sub-
section.
3.3 Collision types leading to different
morphologies
In the previous subsections we have described the outcome
of dust collisions on target surfaces, using tracing and size
measurement of the dust particles before impact. However,
the video images also capture several frames during the in-
dividual collisions, allowing us to explain the observed mor-
phology classes by collision physics.
Fig. 10 displays five different examples of dust particle
collisions, representative of the entire parameter space in size
and velocity. We see three different collision types occurring:
sticking, bouncing and fragmentation. In a sticking collision
(case 1), the entire particle is seen to stick to the target,
with few or no fragments ejected from the particle. Sticking
is observed at low velocities and with small particles (dpre <
80 µm), and leads to deposits of the ‘single’ morphological
type. Sticking collisions are only seen to occur at velocities
< 2 m s−1.
A bouncing collision (case 2) leaves a shallow footprint
at the location where the particle made contact with the tar-
get surface. During such collisions, some small fragments are
ejected from the sides and front of the particle and create a
scatter field on the target, but the bulk of the particle stays
intact after it rebounds. Put in a more quantitative way,
the parameter µ, defined as the mass of the largest fragment
divided by the mass of the original particle (Gu¨ttler et al.
2010), is close to 1. After the collision, the large fragment
moves in the opposite direction at a velocity of typically half
Figure 9. Properties of deposits. Top to bottom: mass transfer
function TF (colour traces size), relative scattering field size, and
particle height-to-base ratio (colour traces TF) as a function of im-
pact velocity. Symbols are plotted without error bars to improve
readability; see Sect. 2.3 for a discussion on the uncertainties. For
particles represented with grey symbols no meaningful estimate
could be made for TF. The arrows in the top panel indicate upper
limits.
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Figure 10. Different cases of collisions, and the deposits they leave on the target. From left to right, the columns display a montage
of video images covering the collision, the resulting deposit on the target, and a schematic interpretation of the collision dynamics (red
arrows indicate velocity vectors of particles and fragments). From top to bottom, the pre-impact velocity increases.
the impact velocity (i.e. coefficient of restitution ∼ 0.5). The
deposit left on the target is seen to be a shallow footprint if
the pre-impact particle diameter exceeds dpre = 80 µm. Below
this value particles leave single deposits. Like sticking colli-
sions, bouncing collisions are only seen to occur at velocities
< 2 m s−1.
Cases 3–5 display representative examples (with in-
creasing impact velocity) of fragmenting collisions, which
occur at velocities exceeding 2 m s−1and leave a deposit with
the ‘pyramid’ morphology. In most cases, the particle breaks
up into multiple small fragments (µ < 0.2), which are ejected
from the target in all radial directions from the impact lo-
cation; see the montage in Fig. 4, bottom, for an example.
During the collision, when the front of the particle makes
contact with the target, the particle breaks up. Some mo-
mentum is transferred to the back of the particle, diverting
the trajectory of the fragments. This results in a diverging
motion of fragments, leading to a ‘scatter field’ somewhat
larger than the original particle. The scatter field is seen to
be larger at higher impact velocities. The central deposit left
after a fragmenting collision is in most cases pyramid-shaped
and with a low height-to-base ratio (0.2-0.5). In some cases
(e.g., case 4), a large fragment breaks off the central deposit,
leaving a depression at its centre. Some small (dpre < 80 µm)
particles at velocities > 2 m s−1 leave deposits classified as
‘single’, as they do not have a significant scatter field. These
particles have a height-to-base ratio lower than 0.5, with the
central component consisting of multiple parts which are still
connected. Both of these properties indicate that a (simple)
fragmenting collision likely took place.
4 DISCUSSION
4.1 Comparison with other collision experiments
The results of our experiments compare well to previous
studies of dust aggregate collisions (Blum & Wurm 2008;
Gu¨ttler et al. 2010). The experiments in these reviews
mainly study particle-particle collisions and growth mech-
MNRAS 000, 1–14 (2016)
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anisms, while our experiments focus on the deposits left on
static targets.
Our experiment compares best to Experiment 18 in
Gu¨ttler et al. (2010), where SiO2 aggregates were accel-
erated in a vacuum tube and collided upon a glass plate.
The parameter space in aggregate size and velocity encom-
passes the ranges used in our experiment. The material used,
however, is different: Gu¨ttler et al. (2010) use amorphous
aggregates built of monodispersed monomers of diameter
∼ 1.5 µm, with a lower material density (ρm ∼ 2×103kg m−3)
and volume filling factor (φ = 0.15). The tensile strength is
∼ 103 Pa, similar to the material in our experiment. Despite
the differences in material density and structure, the experi-
ments summarised in Gu¨ttler et al. (2010) observe a sim-
ilar barrier between sticking/bouncing and fragmentation
(v∼ 2 m s−1 for small aggregates). This indicates that within
this parameter range, the value of the fragmentation barrier
is determined by the value of the tensile strength, despite the
difference in monomer size distribution, density and volume
filling factor, and consistent with numerical predictions of
the fragmentation barrier by Dominik & Tielens (1997). The
critical fragmentation velocity of a few metres per second is
thus a robust result that does not depend strongly on the
shape of the monomers, nor on their size with the range 0.1-
10 µm. However, for aggregates of monodisperse monomers
below this value, the surface energy may be enhanced lead-
ing to a higher fragmentation barrier. This barrier may be
increased further if the particles are coated by organic ma-
terial (Blum & Wurm 2000); this may have consequences for
the comparison of our experiments with cometary dust (see
Sect. 4.2).
With respect to sticking and/or bouncing, Gu¨ttler et al.
(2010) find an enhanced sticking probability at velocities of
0.3 – 5 m s−1 for aggregates of a mass of 10−8−10−6 g. This
range in mass is equivalent to particles with dpre < 50 µm in
our experiments, corrected for the difference in ρb. Indeed,
the smallest particles in our experiments are also shown to
have a higher sticking rate.
Compaction is expected to be negligible upon a single
sticking event at velocities of order 1 m s−1(Weidling et al.
2009, who use monodispersed material with φ ∼ 0.15). As
the dynamical pressure increases with the square of the im-
pact velocity, above the fragmentation barrier compaction
is expected to be larger with φ increasing with a factor up
to 1.5 upon a single collision (Blum et al. 2006). Thus, the
single particles created after a low-velocity sticking collision
are not compacted, but the pyramid-shaped deposits may
be. As the effect of compaction increases for material with
lower volume filling factors (Teiser et al. 2011; Meru et al.
2013), cometary material may be more compactable than
our laboratory sample.
4.2 Comparison between sample material and
cometary dust
The test material used in the experiments presented in this
study differs from cometary dust in several ways. Some of
these differences are expected to affect the sticking proper-
ties of the material, and hence the outcome of the collection
onto the target plates. In this subsection, we compare the
density, structure and composition of our test material with
the known properties of cometary dust, and discuss their
effect on the outcome of the collection.
The bulk density of the test material ρb = (0.9± 0.1)
×103 kg m−3 is in the same order of magnitude as the bulk
density of the ‘compact’ dust particles in the coma of 67P,
as estimated based on GIADA measurements (ρb ∼ 1− 2×
103 kg m−3, Rotundi et al. 2015; Fulle et al. 2016). The
‘fluffy’ dust particles have a derived bulk density that is 3
orders of magnitude lower than this (ρb ∼ 1 kg m−3, Fulle
et al. 2015).
The strength and sticking properties are affected by the
size distribution and the volume filling factor of the mate-
rial. The dust aggregates are tightly packed, while cometary
dust may have a more fluffy structure. The strength of the
test material is of the same order of the strength of 67P dust,
which is estimated at ∼ 103 Pa (Hornung et al. 2016). How-
ever, the test particles are randomly packed and thus have a
nonhierarchical inner structure. This may result in different
collision and sticking properties than cometary dust, e.g. the
‘porous aggregates’ described by Mannel et al. (2016). Also,
the shape and roughness of the particle can be critical for
stickiness and tensile strength (see e.g., Poppe et al. 2000a;
Castellanos 2005)
The structure and resulting volume filling factor of the
cometary dust is a parameter not well constrained directly
from observations. While GIADA provides a bulk density of
individual particles inferred from cross section and momen-
tum measurements, the material density and volume filling
factor remain degenerate and can only be constrained by
indirect methods (see e.g., Schulz et al. 2015; Fulle et al.
2015). Hornung et al. (2016) estimate the volume filling fac-
tor by measurements of the fragment sizes of the ‘rubble
pile’-like deposits, and assumptions on the packing of their
parent particles before entering the instrument funnel. These
authors arrive at values in the range φ ∼ 0.4−0.6 for the vol-
ume filling factor. Comparing measurements of composition
from the SIMS mass spectrometer with the observed volume
of the deposits may provide further constraints on the ma-
terial density, and hence volume filling factor, of the coma
dust population.
Compared to the dust in the coma, the comet nucleus
has a lower bulk density estimated at ∼ 0.5× 103 kg m−3,
and a lower volume filling factor ∼ 0.15-0.30, based on mea-
surements by the CONSERT and RSI experiments (Kofman
et al. 2015; Pa¨tzold et al. 2016). This lower value may be ex-
plained by a higher macroporosity and higher abundance of
ices in the nucleus. The composition, structure and volume
filling factor of the test sample is an interesting parameter to
vary in future experiments, to establish how this value cor-
relates with the outcome of collisions on detector surfaces.
The presence of ice in the cometary dust particles is ex-
pected to increase its stickiness by one order of magnitude
(Gundlach et al. 2011; Gundlach & Blum 2015; Blum et al.
2014; Aumatell & Wurm 2014). However, the dust particles
collected by COSIMA at altitudes of 10-100 km (Langevin
et al. 2016), are thought to have shed their volatiles and
consist solely of organic and mineral refractory components.
This is indicated by the absence of obvious signs of ice hav-
ing evaporated from particles on the target surface (Schulz
et al. 2015). Therefore, while the ice content of the dust may
strongly affect the entry of dust particles into the coma, the
MNRAS 000, 1–14 (2016)
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Figure 11. Particle deposit created in collision experiment (v =
2.6 m s−1) on gold black target, subsequently studied with an op-
tical microscope (left) and the flight spare of COSISCOPE (mid-
dle). Right : Cometary dust particle (‘shattered cluster’) detected
by COSIMA (adapted from Merouane et al. 2016). Scale bars
indicate 100 µm.
absence of ice in our experiments is representative of the
circumstances during dust collection in the spacecraft.
The composition of cometary dust may also affect the
sticking properties. The coma dust of 67P is rich in silicates,
but, unlike our sample, also contains carbon and organics
(Hilchenbach et al. 2016; Fray et al. 2016). Organics may
enhance stickiness if the material softens by melting (see
e.g., Blum & Wurm 2000); however, this strongly depends
on the type of organic material and the ambient temperature
(Gu¨ttler et al. 2010, Sect. 6.2). Therefore, more knowledge
of the composition of the 67P dust is needed to evaluate
the influence of organics on the collision physics inside the
Rosetta instruments.
If the dust particles in our sample are charged, this may
effectively lower the fragmentation barrier, as the electrical
force between the electrons works to break apart the ag-
gregate. For the particle sizes, velocities and short trajec-
tories used in our experiments, this effect is expected to be
negligible (Poppe et al. 2000b). In cometary dust, however,
there may be a non-negligible charge of the dust particles
captured by Rosetta, as suggested by the interpretation of
Fulle et al. (2015). This may affect the sticking probability
of these aggregates on target surfaces, and possibly lower
the fragmentation barrier.
Finally, the optical properties of our test material dif-
fer from those of cometary dust. The test material is white
and thus has a much higher albedo than the 67P dust
particles detected by COSIMA (albedo = 1-40 per cent,
Langevin et al. 2016), which is caused by carbonaceous com-
ponents of the latter. The difference in albedo should be
taken into account when comparing the experimental results
with COSIMA data.
4.3 Towards an interpretation of Rosetta data
The aim of our series of collision experiments is to better
constrain the properties of the coma dust population from
COSIMA and MIDAS data. It is tempting to directly com-
pare our results to the Rosetta images. However, while the
images may look the same on inspection, we know that some
of the properties of cometary dust and experimental condi-
tions that differ from the situation at the spacecraft, as de-
scribed in the previous subsection. It is therefore premature
to conclude that there is a one-to-one correspondence of our
COSIMA, gold black MIDAS, solgel
v = 2.6 m/s v = 1.1 m/s
v = 2.6 m/s v = 1.1 m/s
Figure 12. Two deposits of SiO2 particles after collisions on
COSIMA gold black targets (left, v= 2.6 m s−1) and MIDAS solgel
targets (right, v = 1.1 m s−1). Scale bars indicate 100 µm.
experimental results to COSIMA data. In this subsection,
we summarise the qualitative results of our experiments ap-
plicable to Rosetta results, the implications that may be
drawn from them, and suggestions for future experiments to
confirm these hypotheses.
Most of the different morphological types that we de-
tect qualitatively resemble those seen by COSIMA. Firstly,
the ‘single’ deposits in our experiments resemble the parti-
cles referred to as ‘compact’ by Langevin et al. (2016) whose
nomenclature refers to the optical morphology, and as ‘no
breakup’ or ‘simple breakup’ by Hornung et al. (2016), whose
nomenclature refers to the collision type that has likely pro-
duced the particle. Some of the ‘single’ deposits in our exper-
iments consist of multiple fragments that are stuck together,
but have little or no fragments scattered around them. These
bear more resemblance to the ‘glued cluster’ particles defined
by (Langevin et al. 2016).
Secondly, the ‘pyramid’ deposits in our experiments re-
semble the ‘rubble pile’ and ‘scattered cluster’ morphologies
(referred to as ‘catastrophic breakup’ by Hornung et al. 2016,
whose nomenclature refers to the collision type). The third
morphological type, the ‘shallow footprint’, has no obvious
counterpart in the COSIMA data. Only a few examples exist
of COSIMA particles with a very low height-to-base ratio.
These particles have a low contrast on the COSISCOPE im-
age, which may be caused by a low albedo, but can also
be because the pixel is filled by a collection of non-bound
small particles that do not fill the pixel of the COSISCOPE
imager.
The aggregate particle detected by MIDAS (particle
E, Bentley et al. 2016) bears resemblance to the ‘shallow
footprints’ in our experiments. However, the MIDAS parti-
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cle has connections between subunits, while in some of our
shallow footprints larger spaces exist between subunits. Fur-
thermore, MIDAS can only detect parts of deposits with a
height less than at maximum 10 µm above the detector sur-
face, usually less. It cannot be excluded that some partially
imaged particles have greater heights than measured. This is
unlikely to apply to particle E, however, as additional scans
of the target show that the regions surrounding the partly
imaged particle are rather empty (although the particle itself
was removed from the target during the initial scan).
The main insight drawn from this initial run of exper-
iments is the fact that typically, only part of the particle
sticks to the target surface; the appearance of this deposit
is determined by the impact velocity. Upon a bouncing or
fragmenting collision, the fragments reverse their direction
and do not end up on the target plate. The bulk of the par-
ticle is lost in the detector. Future experiments may confirm
whether this also applies to the dust collected in Rosetta,
or that a difference in structure results in ‘collapse’ of the
particle as described by Hornung et al. (2016). Interpret-
ing all COSIMA particles as containing all the mass of the
entire original grain may thus be misleading. It should be
noted that the micron-sized, isolated particles detected by
MIDAS (Bentley et al. 2016) are in fact single, undamaged
particles (or fragments of a larger particle that fragmented
in the funnel), as sticking is to be expected at these small
sizes.
Apart from the known and estimated differences be-
tween our test material and cometary dust, as described in
Sect. 4.2, there are some apparent optical differences be-
tween our deposits and the MIDAS and COSIMA particles.
The first difference is the size and shape of the individual
monomers. The largest monomer in our dust aggregates is
10 µm, while the six MIDAS particles published so far do not
show a constituent single component larger than 3.3 µm. The
shape of the laboratory monomers is irregular (and thus ran-
dom), while the MIDAS grains are elongated. These prop-
erties may affect the collision properties; they can be varied
in future experiments.
Our experiments seem to suggest that deposits detected
by COSIMA (and MIDAS) are only part of the particle,
except the ‘compact’ / ‘undamaged’ particles. However, as
described above, there are known differences between our
sample material and comet dust, and the Rosetta environ-
ment, whose impact have the potential to change this in-
terpretation. Therefore, more detailed studies looking into
the relevant parameters are necessary. In a next run of ex-
periments, we will start varying some of these properties,
to explore their effect on collisions, sticking properties and
deposit morphology. Also, we will use different imaging tech-
niques (e.g. using the replica of the on-board COSISCOPE
instrument, see Fig. 11) to facilitate a better comparison to
Rosetta measurements. As monomer size is an insightful and
the most feasible parameter to vary, this will be done in a
next series of experiments.
Looking forward to these future experiments, we exe-
cuted two test experiments on a COSIMA gold black and
a MIDAS solgel target Fig. 12. Qualitatively, all different
morphology classes were retrieved. This suggests that the
sticking properties of the gold black, solgel and silver target
surfaces are comparable and that the choice of target mate-
rial does not have a major effect on the collisional outcome.
This hypothesis may be tested with future experiments, in
order to make a direct comparison to MIDAS and COSIMA
data.
5 SUMMARY AND CONCLUSIONS
We performed an initial run of experiments, in which we
collided polydisperse SiO2 aggregates in the size range 30 –
410 µm with a target surface at impact velocities of 0.3 –
6 m s−1. The experiments aim to simulate the circumstances
of dust collection in the COSIMA and MIDAS instruments
on the Rosetta spacecraft. Our main conclusions are:
- At v < 2 m s−1 and dpre < 80 µm, sticking of complete
particles leads to a ‘single’ deposit.
- At v < 2 m s−1 and dpre > 80 µm, a bouncing collision
leads to a ‘shallow footprint’ deposit.
- At v > 2 m s−1 and dpre > 80 µm, a fragmenting collision
leads to pyramid-shaped deposit with fragments scattered
around it, and a loss of part of the initial dust particle. The
amount of mass transferred to the target increases with the
impact velocity.
- The ‘single’ and pyramid-shaped deposits are very rem-
iniscent of the morphological types observed by COSIMA;
a closer examination is needed to allow a quantitative com-
parison.
- Despite the different deposit morphologies, the projec-
tiles in the experiment were similar in shape and composi-
tion; only velocities were varied. This implies that velocity
is the main driver of the appearance of the deposits on the
target.
- It is likely that bouncing and fragmenting collisions
have occurred in the Rosetta instruments, resulting in stick-
ing of only part of the particle that entered the instrument.
This should be taken into account when analysing the mor-
phology and quantity of cometary dust particles.
- The differences in composition and structure of the test
sample and cometary dust may affect both the collision
physics and the appearance of deposits. Future experiments
will explore the parameter space, providing trends on how
these properties (density, packing, monomer size, compo-
sition) and the resulting specific surface energy affect the
morphology of deposits. This will allow us to establish to
what degree these conclusions are applicable to the Rosetta
results.
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